Abstract-Osteocytes exhibit solid-like viscoelastic behavior in response to mechanical stresses. The goal of this study was to determine the viscoelastic properties of osteocytes using a combined finite element analysis (FE) modeling and experimental approach. The three-dimensional (3D) cell shape of the osteocyte under fluid flow was reconstructed using using a novel pseudo-3D microscopy technique. The cell shape was input into an ADINA fluid-structure FE software. The osteocyte was modeled using a linear and incompressible viscoelastic standard solid with a finite strain. The viscoelastic material parameters were determined by matching the predicted cell surface displacements with those measured experimentally. The instantaneous modulus of an osteocyte was 0.81 kPa and the equilibrium modulus was 0.11 kPa. The apparent viscosity were 0.85 kPa-s. The material properties measured in this study are comparable to the cell material properties reported in previous studies. This fluid-structure interaction cell model based on individual cell geometry may provide a novel technique to measure the viscoelastic properties of individual cells, as well as potential mechanisms of mechanical signal transduction.
I. INTRODUCTION
Several techniques have been employed to determine the mechanical properties of single cell, including micropipette aspiration, cell compression within a gel matrix, unconfined cell compression, or various forms of cellular indentation, including cell poking, cytoindentation, or atomic force microscopy (AFM) [1] . Here, a novel technique to determine cell mechanical properties is presented.
II. MATERIALS AND METHOD

A. Osteocyte Culture Conditions
MLO-Y4 osteocytic cells were transfected with EGFP-actin or EMAP-3X-EGFP [2] . The cells were plated for less than 60 minutes on fibronectin-coated glass microslides and stained with Alexa Fluor 594 wheat germ agglutinin plasma membrane dye immediately before flow. Low plating time ensured adherent semi-spherical cells to mimic their in vivo shape.
B. Custom-built Pseudo-3D Microscope System
A custom-built microscope ( Fig.1 ) was used to obtain two orthogonal images of an osteocyte. An Olympus BX-2 microscope was used for "side-view" images and an Olympus IX-71 was used for "bottom-view" images. A mirror was aligned at 45 in the light path of the BX-2 microscope to capture a side-view image.
C. Shear Flow Experiments
The glass microslide was placed in a square glass microtube to form a flow chamber. Steady laminar flow with 10 dynes/cm 2 wall shear stress was applied. A single osteocyte was imaged simultaneously by both microscopes with the cytoskeletal GFP and red plasma membrane dyes being imaged sequentially for a combined imaging frequency of 12 Hz.
D. Image Analysis and 3D Cell Shape Reconstruction
The cell shape was reconstructed using the bottom-view and side-view images to obtain an accurate cell geometry. The two simultaneously obtained views of the plasma membrane of an osteocyte cell are shown in Fig.2(A) and Fig.2(B) . Fig.2(C) shows a typical cell profile after a smoothing and initializing procedure using MATLAB (MathWorks, Natick, MA). Fig.2(D) is the cell profile after fitting using a spline function in Solidworks (Dassault Systèmes, Concord, MA). Fig.2(E) is the cell structure after lofting in Solidworks. Finally, the 3D cell shape in Fig.2(F) was reconstructed after importing the para-solid geometric data file to ADINA (ADINA R & D, Watertown, MA).
E. Fluid Structure Interaction Finite Element Model
In the fluid-structure interaction in ADINA FE, the fluid A linear viscoelastic standard solid model was adopted as the constitutive cell material model. There are three parameters in this model, i.e., k e , k 1 , and η. Here, k e is the equilibrium modulus, which determines the equilibrium response of the material, k e +k 1 represents the instantaneous modulus, which determines the instantaneous response of the material, and η is the apparent viscosity, which determines the time to reach the equilibrium state from initial response.
F. Software coupling
The overall strategy for the simulation [4] is displayed schematically in Fig. 3 .
III. RESULT
The displacement in Fig.4 is from the apical point of an osteocyte. In Fig.4(A) , we found that ostocytes have distinctive displacement mechanical responses due to individual differences of cell material properties.
We choose cell #3 to determine the cell material properties. There were 5 sets of material parameters. They were divided into 3 groups. Each group had 2 sets of material parameters which only had differences in one parameter. In Fig.4(B) , we slightly increased the equilibrium modulus k e from 0.1 kPa to 0.11 kPa. Then, the response of displacement significantly decreased. This indicated that k e is extremely sensitive to determine the equilibrium modulus using this system.
In Fig.4 (C), k 1 was increased about 14%, but it only had a small effect on the initial response. There was a difficulty in finding k 1 , because mimicking or capturing the instantaneous response (k e +k 1 ) was challenging.
In Fig.4(D) , η determined the curvature which represented the rate of deformation.
M13, i.e., k e = 0.11kPa/k 1 =0.7kPa/ η=0.85kPa-s, was the mechanical property parameters determined by combining the simulation and experiment.
IV. CONCLUSION
In this work, we have developed a novel technique to determine mechanical properties of a single cell under physiological fluid flow. The enabling component technologies used in the method are simultaneously acquiring two orthogonal profiles of a cell (using the custom-built pseudo-3D microscope system), 3D geometric reconstruction (Solidworks), and fluid structure interaction finite element algorithm (ADINA).
